Carbon-based nanomaterials, like carbon nanotubes (CNTs), belong to this type of nanoparticles which are very difficult to discriminate from carbon-rich cell structures and de facto there is still no quantitative method to assess their distribution at cell and tissue levels. What we propose here is an innovative method allowing the detection and quantification of CNTs in cells using a multispectral imaging flow cytometer (ImageStream, Amnis). This newly developed device integrates both a high-throughput of cells and high resolution imaging, providing thus images for each cell directly in flow and therefore statistically relevant image analysis. Each cell image is acquired on bright-field (BF), dark-field (DF), and fluorescent channels, giving access respectively to the level and the distribution of light absorption, light scattered and fluorescence for each cell. The analysis consists then in a pixel-by-pixel comparison of each image, of the 7,000-10,000 cells acquired for each condition of the experiment. Localization and quantification of CNTs is made possible thanks to some particular intrinsic properties of CNTs: strong light absorbance and scattering; indeed CNTs appear as strongly absorbed dark spots on BF and bright spots on DF with a precise colocalization.
Introduction
During the last decades, the place of nanoparticles has gained in importance in a wide range of applications. In particular, carbon nanotubes (CNTs) are more and more explored as nanotools for diverse diagnostic and therapeutic applications; thanks to their particular electrical, thermal, and spectroscopic properties, CNTs can act as delivery vehicles for varied drugs or contrast agents, or can also be involved in tissue engineering 1 .
However, concerns about the potential toxicity of such nanomaterials are still under debate, mainly because the fate of CNTs in the organism remains very controversial. There is indeed a lack of appropriate methods to detect and quantify them in live cells and tissues: for example, techniques such as Raman spectroscopy, photoacoustic, and near-infrared photoluminescence imaging have been suggested, but each method shows limitations depending on the type of nanotubes and/or their environment [2] [3] [4] [5] [6] [7] [8] .
Here, the method proposed could be applicable for the detection and quantification of nanoparticles in cells. This was made possible by the use of ImageStream, a device combining both flow cytometry and high resolution imaging. It couples the advantages of acquiring a large among of cells (up to 5000 events/sec) -and benefits of statistical data and high resolution images of each cell at the same time (0.5 µm spatial resolution). Generally, images are collected using a CCD camera and are a two dimensional grey scale representation of the cell. The light is quantified for each pixel in the image and identifies both the intensity and the location of either fluorescence or components with a subcellular size (in BF for example), allowing thus a powerful ability to discriminate cells based on their appearance 9, 10 .
The aim was here to design a nanometrology method which would enable a quantitative assessment of the distribution and behavior of CNTs in cells. In particular, this method was developed to study cellular uptake, processing and exocytosis of CNTs by cells. We evidenced first the complex cellular trafficking of CNTs and secondly the transfer of these nanomaterials between cells: cell-internalized CNTs escape their host cells when stressed, spread abroad in the extracellular space and are reinternalized by naïve cells, whether they are homotypic or heterotypic
Labeling Cells with CNTs
1. Grow human umbilical vein endothelial cells (HUVEC) (for example) on 25 cm² plates in DMEM medium, containing 10% fetal bovine serum and 1% penicillin streptomycin. 2. Prepare solutions of CNTs at concentration of 0, 10, 20, and 50 µg/ml in complete medium and incubate cells with at 37 °C for 20 hr or at 4°C
for 20 hr (2ml of CNT suspension for a 25 cm² plate). 
Cell Fixation

ImageStream Acquisition
Use the multispectral imaging flow cytometer ImageStream to acquire images of cells. Some points have to be respected:
1. Select an adapted magnification (here a 40X objective is used). 2. If fluorochromes are used: -prepare a control sample without fluorochrome.
-prepare cells with a single-color positive control for each fluorochrome used in addition to your samples. 3. Use the laser 488 nm to excite the FITC and the channel 02 to collect the fluorescence emission (band-pass 480-560 nm). In addition, use also the channels 01 and 06 for the bright field (BF) and dark field(DF) respectively.
Post Processing -IDEAS Analysis Software (Version 4.0)
1. Among all the events acquired, the analysis has to be first restricted to the population of single cells: use a biparametric dot plot representing 'aspect ratio' (i.e. width/height) versus 'cell area' (parameters applied on cells on BF) (Figure 1 ). Single cells included in the region of interest with a standard area and aspect ratio close to 1 are then discriminated from multicellular events (large area and small aspect ratio) and debris (extremely small area). 2. To select cells in the focused plane, use a biparametric dot plot adapted for highly contrasted CNTs-labeled cells: plot the 'contrast' versus the 'RMS gradient' (which measures the sharpness quality of an image) on the BF image -it allows the exclusion of unfocused cells showing both a low rms gradient and a low contrast in their BF images (Figure 1 ).
4.
The quantification is also assessed by means of masks: 1. As CNTs appears as strongly absorbing dark spots on BF, create first a threshold mask that fit them precisely by selecting a restricted range of pixels with a low intensity comprised between 0-533 in this study 6. Once all plots are created on one experimental condition create a "statistical report template", save template as .ast file and batch all data files.
Representative Results
An overview of the principle of the ImageStream device is given in Figure 1 . It produces multiple high resolution images of each cell in flow, including bright-field (BF), dark-field (DF or side-scattered light), and fluorescence channel(s), as exemplified in Figure 2 with three different cells labeled with CNTs. The overlays of these channels are also shown, at first sight illustrating the correlation.
Given that all the post-processing analysis is based on cell imaging, the selection of focused cells is crucial for the study (Figure 3) . Actually, the presence of CNTs induces changes on both the contrast and the gradient compared to nonlabeled cells: focused cells, having internalized an important quantity of CNTs, tend to have a low rms gradient (which is usually the unique parameter used for the discrimination of focused versus unfocused cells) but also an important contrast, explaining why a biparametric plot is essential. On Figure 3 is shown the discrimination between unfocused (yellow area) versus focused cells (blue area).
Cell-internalized CNTs are clearly distinguishable -particularly on BF appearing as strongly absorbing dark spots (see the effect of diverse labeling concentration, Figure 4) . Moreover, the mean pixel signal on BF was analyzed, giving a relative quantification of the uptake: graphs on Figure 5 show its significant increase with the CNT-labeling concentration (results for about 7,000 cells per experimental condition).
Second, quantification of CNTs is also possible through the use of masks, applied either on a restricted range of dark pixels of the BF or on the pixel of high intensity of the DF (see examples on Figure 6 ), corresponding to the spots resulting from the presence of CNTs. Thus, plotting the area of these masks allows highlighting as well as the increase of the uptake (exemplified on Figure 7 with the area of the mask on BF, selecting pixels ranging from 0-533).
In addition, the correlation between spots on BF and DF can be evaluated by plotting the DF intensity versus the BF mean pixel signal (as in Figure  8 ) (mask-independent analysis) or the area of the mask on BF (Mask 1) versus the area on DF (Mask 2).
Regarding the procedure created for the localization of CNTs inside the cells, Figure 9A displays the different masks that were created. Note that the robustness of the localization masks (based on erosion of default cell mask) must be checked visually on a collection of labeled and unlabeled cells. The same masks are used for all samples. 
Discussion
Modification and Troubleshooting
In this study, the first objective was to evaluate the quantity and the localization of CNTs in cells. The confocal microscopy could have been a priori the gold method to assess the intracellular distribution of CNTs functionalized with the fluorescent marker FITC 8, 14 . However, the main drawback is the limitation to single cell imaging and, therefore, a lack of statistically relevant data. The ImageStream allows work beyond these obstacles: indeed, by screening a large number of cells (5,000-10,000) in a short time (<min), it yields statistically robust results, enhanced also by the high resolution imaging which provides images for each cell with a subcellular resolution (0.5 µm). It makes then possible to analyze a large amount of data based on single image analysis.
In comparison to conventional flow cytometry, the unique advantage of ImageStream is to provide multispectral images of each cell and a pixel by pixel comparison of signal intensity. Thus ImageStream combines the statistical power of high throughput flow cytometry with the analytical advantages of confocal imaging for each analyzed cell. It is crucial for a label-free relative quantification and localization of CNTs in cells.
Critical Steps Within the Protocol
The critical step consists of the choice of parameters most suitable of each study. In our case, the best way was to base the analysis on the absorption and scattering properties of the nanotubes: the good correlation between the localization of dark spots on BF and bright spots on DF supports that the developed method is relevant and reliable -and may not have been possible without cell imaging.
Limitations of the Technique
It must be emphasized that the visualization of CNTs in cells was possible only because they tend to accumulate in endosomal intracellular vesicles, and then appear as strong absorptive and scattering spots. Individual nanotubes should not be detected based on this method whereas it could be eventually detected on fluorescence, which constitutes a clear limitation. Second, the quantification is not 'absolute' but relative for different labeling concentrations and in comparison to the control unlabeled cells. Some quantitative features (mean pixel, intensity, etc.) are absolute parameters, whereas others depend on the choice of the masks (threshold mask, localization masks).
Significance with Respect to Existing Methods
In regards to fluorescence, the ImageStream analysis highlights the poor colocalization of CNT clusters between FITC bright signal and spots on the others channels. Therefore, it appears that fluorescence was not a reliable indicator for the quantification and localization of CNTs. Nevertheless, overcoming the limitation of conventional flow cytometry, which is mainly based on fluorescence quantification, the multispectral high throughput ImageStream paves the way for a statistical label-free quantification, while providing localization of carbon nanotubes inside the cells.
Future Applications
This high throughput statistical nanometrology method could be generalized to any nanomaterials, which show high absorption and scattering of light when interacting with cells. Therefore, it may have important applications for investigations of the nano-bio-interface, nanotoxicology, and nanomedicine.
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